Introduction
============

Glycosphingolipids are essential membrane lipid components, together with phospholipids and cholesterol, and they have been characterized as molecules involved in the cellular recognition, cell growth control, and differentiation-dependent expression, stage-specific antigens and tumor-associated antigens.^[@r01]--[@r05])^ Much attention has been focused on aberrant glycosphingolipid expression and its relation to tumorigenic transformation.^[@r01]--[@r03])^ We also found unique glycosphingolipids and biosynthetic pathways in animals bearing tumors and human tumor sources.^[@r06]--[@r14])^ Through these studies, we demonstrated that some of these aberrant glycosphingolipids and metabolisms in tumor tissues were a kind of acquired mimetic glycosphingolipid expression arising during the tumorigenic process, which could be found in components of the intrinsic immune systems of host animals, such as macrophages and lymphocytes, to escape from the immune-surveillance system.^[@r07],[@r15]--[@r17])^ In glycosphingolipid studies performed in the 1980s, much attention was focused on tumor-associated antigens and monoclonal antibody (MAb) productions and their potential therapeutic application.^[@r18]--[@r20])^ In the 1990s, a molecular biotechnology was introduced to search for metabolizing enzymes and to produce glyco-gene-knockout animals to clarify the functions of glycosphingolipids, and these efforts quickly merged to form a new field of glycosphingolipid research.^[@r21]--[@r23])^

I looked for a different approach for characterizing this mysterious biomolecule, glycosphingolipid. In 1997, I came across a technology that used a phage-displayed peptide library to search for peptide ligands.^[@r24],[@r25])^ This technology gave me the idea of using MAbs to prepare peptides that mimic the epitope structure of antigen glycosphingolipids. This would essentially replace the glycosphingolipids with peptides. We began to investigate the feasibility of this method and to examine the biological significance, in terms of bio-recognition, of the obtained glycosphingolipid mimetic peptides (Fig. [1](#fig01){ref-type="fig"}a).^[@r26])^

Another approach is to transfer lipids separated on an high performance thin-layer chromatography plate (HPTLC plate) to a PVDF membrane. This method takes advantages of well established TLC protocols. While immunological detection can be done on the HPTLC plate, unfortunately, the silica gel frequently slides from the glass plate during the treatment with antibody and the washing process. We therefore tried to develop a method for transferring lipids from the HPTLC plate to a plastic membrane to solve this problem. In 1994, we developed such a transfer method^[@r27])^ and named it TLC-Blot. This method was found to be an innovative technology in lipid biochemistry because many enzyme reactions and chemical treatments could be performed on the PVDF membrane and the resulting reaction products could be analyzed by immunological reaction and also used for MS analysis. In addition, this technology led to new lipidomics approach by using improved mass spectrometer, ion trap-type MALDI-TOF MS system. The second part of this review concerns the development of TLC-Blot technologies and the road to functional lipidomics (Fig. [1](#fig01){ref-type="fig"}b).

1. Phage-displayed peptide library
==================================

Figure [1](#fig01){ref-type="fig"}a (Transfer technology 1) shows the principle of the phage-displayed peptide library. We used a randomly arranged, 15-mer peptide library displayed on the envelope protein PIII of filamentous phages.^[@r25])^ The library size was approximately 2.5 × 10^8^ peptides. By incubation of the phage clones with a monoclonal antibody, phage clones having an affinity to the antigen-binding site were selected. The peptide sequences expressed on the PIII protein of the selected phage clones were determined by DNA sequencing analysis. The peptides obtained by this technology were examined whether they have functional activities similar to those of the antigen glycosphingolipids. When the biological significance of the obtained peptides was confirmed, we named them glycosphingolipid-replica peptides.

1-1. Glycosphingolipid-replica peptides and functional activities.
------------------------------------------------------------------

First, we used the anti-paragloboside mouse MAb H11 and the anti-lactotetraosylceramide mouse MAb AD117m for this approach.^[@r26])^ These two glycosphingolipids are isomers of inner linkages of the lactotetraose moiety, but their terminal β-galactoses are the same linkage. We examined the degree of similarity among the obtained peptides by using these two different MAbs. Two phage clones, AD-1(RN**VPP**T**F**NDV**Y**WIAF) and -2(**VPP**C**F**TLM**Y**CAGVVR), were obtained with AD117m, and three phage clones, H11-1(FRSFHYHTGRWHWLR), -2(RN**VPP**I**F**NDV**Y**WIAF) and -3(ARFPKELRGSVRSAH), with H11. Interestingly, we could obtain a common amino acid sequence, **VPP**X**F**XXX**Y**, in the 9-mer peptide of AD-1, AD-2 and H11-2. The sequence of AD-1 peptide is almost same as that of H11-2. Only one amino acid, isoleucine is replaced with tyrosine in H11-2. But other two peptides H11-1 and H11-3 are completely different from AD-1 and AD-2. These 9-mer peptides showed a similar binding property for both the AD117m and H-11 MAbs, and also for a β-galactose-recognizing lectin (*R. communis* lectin). This binding property changed substantially by altering the X with other amino acids. The 9-mer peptides (**VPP**X**F**TLM**Y**) suppressed the Jack bean β-galactosidase activity to paragloboside, but interestingly, one 15-mer peptide, H11-3 of which amino acid sequence is completely different from others, activated the β-galactosidase activity to paragloboside.^[@r26])^ The results demonstrated that the molecular shapes obtained by this technology showed an agonistic and/or an antagonistic property to the glycosphingolipid counterparts. Since jack bean β-galactosidase is a heterodimeric enzyme, the result suggested that H11-3 peptide might interact with activation site of the enzyme without inhibiting access of substrate paragloboside into catalytic center.

Based on this first study, we tried to prepare ganglioside-replica peptides to confirm the biological functions obtained by this technology.

1-2. GD1α-replica peptides with anti-metastatic activity.
---------------------------------------------------------

From the comparative study of glycosphingolipids of lymphosarcoma cell lines with different metastatic potentials, we found that GD1α was a characteristic ganglioside of a sub-cell line (RAW117 H10) with high frequency of metastasis to the liver. The GD1α was not found in the parental non-metastatic tumor cell line RAW117.^[@r28])^ In earlier studies, we found GD1α in the rat ascites hepatoma cell line AH 7974F, which has high malignant potential with an active invasive property,^[@r29])^ and in a differentiation-resistant clone of mouse myeloid leukemia cells, M1-RI.^[@r30])^ The functions of the GD1α were examined and the ganglioside was found to be involved in the adhesion between RAW117 H10 and hepatic sinusoidal endothelial (HSE) cells based on the following results: 1, HSE cells specifically adhered to the area coated with the GD1α on a plastic culture plate; 2, The GD1α strongly inhibited the adhesion of RAW117 H10 cells to HSE cells; 3, The MAb against GD1α suppressed the adhesion of tumor cells to HSE cells.^[@r28])^

We were interested in examining whether we could obtain peptides having biological activities similar to the GD1α by biopanning with the phage peptide library and anti-GD1α MAb.^[@r31])^ Four phage clones were selected and two peptides, one (Q1P) (FRSDVRF**WHW**STPFM) and the other (Q3P) (**WHW**RHRIPLQLAAGR), showed a common WHW motif. Then, we examined whether they exhibited an ability to suppress the adhesion between RAW117 H10 cells and HSE cells. The two 15-mer peptides showed not only inhibitory activity in terms of the adhesion but also in terms of the onset of metastasis of the RAW117 H10 cells to the liver of mice. One shot of 200 µg Q3P per mouse suppressed the tumor metastasis to the lung by 100% and to the liver by 48.8%.^[@r31])^

Based on this result, we determined the minimum sequence of the GD1α-replica peptide responsible for the biological function.^[@r32])^ As shown in Fig. [2](#fig02){ref-type="fig"}, the WHW sequence is necessary and sufficient to maintain the function. However, since the peptide linkage is quite flexible, we introduced a long alkyl chain to WHW (WHW-lipopeptides) to stabilize the molecular shape (Fig. [2](#fig02){ref-type="fig"}c), thus making possible the formation of a liposomal structure to produce multi-valence of the GD1α-replica peptide. The WHW-lipopeptide is much more effective than the WHW peptide for inhibiting the adhesion between RAW117 H10 and HSE cells. Then, the WHW-peptide was applied to *in vivo* experiments. As shown in Table [1](#tbl01){ref-type="table"}, the WHW-lipopeptide showed significant inhibitory activity in the metastasis of the lymphosarcoma RAW117 H10 cells to the liver.^[@r32])^ The binding of WHW-lipopeptide to endothelial cells of the hepatic vasculature system seemed to block the binding site of RAW117 H10 cells, as already shown using GD1α ganglioside.^[@r30])^

1-3. The GD3-replica peptide and its immune response to produce anti-GD3 antibody.
----------------------------------------------------------------------------------

GD3 has been shown to be a characteristic ganglioside of melanoma, small cell lung carcinoma and neuroblastoma.^[@r33],[@r34])^ GD3 has been selected as a target of metastatic melanoma by using anti-GD3 MAbs or GD3 mimetic vaccination.^[@r35]--[@r37])^ We tried to raise antibodies against GD3 ganglioside by immunizing GD3-replica peptides to examine whether the replica peptides truly mimic the shape of the ganglioside molecule. For this purpose, we used a MAb against GD3 (4F6). We obtained four peptides from the phage peptide library and selected one peptide, GD3P4 (RHAYRSMAEWGFLYS), with the highest binding activity to 4F6.^[@r38])^ The peptide was linked to ε-amino-groups of oligo-lysine to prepare multi-antigen peptide (MAP) and then used to immunize mice. The peptide MAP-GD3P4 induced antibodies against GD3, and the antiserum obtained by immunizing GD3 ganglioside showed high binding activity to GD3P4 peptides immobilized on a plastic plate. Finally, we could obtain one hybridoma producing anti-GD3 antibody (IgG3) 3D2, which showed binding to GD3 ganglioside. The MAb 3D2 showed high specificity to GD3 and the binding to human melanoma tissue was strong enough for immunohistochemical observation, and as strong as that of 4F6 (Fig. [3](#fig03){ref-type="fig"}a).

Next, we analyzed the DNA sequence of the hybridoma gene producing the 3D2 antibody. Surprisingly, the DNA sequence coding the immunoglobulin 3D2 was quite similar to that of the original 4F6. We could detect only one amino acid substitution in the heavy chain CDR2 region T(4F6) → I(3D2). Even if there are some substitutions of nucleic acids, the substitutions do no affect the amino acid coding. In CDR regions of light chain, we found three amino acid substitutions as follows: S(4F6) to T(3D2), A(4F6) to V(3D2) in CDR1 and T(4F6) to S(3D2) in CDR3. However, these substituted amino acid properties were quite similar to those of the original one (Fig. [3](#fig03){ref-type="fig"}b). The GD3P4 peptide is recognized by the immune system as having a ganglioside GD3 epitope structure and led to the production of an antibody quite similar to the original MAb 4F6, indicating that the molecular shape of the GD3P4 peptide is quite similar to that of GD3 ganglioside.^[@r38],[@r39])^

1-4. Therapeutic use of GD3-replica peptides for lipo-oligosaccharide-induced experimental neuritis.
----------------------------------------------------------------------------------------------------

Guillain-Barré syndrome (GBS) is characterized by muscle weakness in the arms and legs as well as the loss of deep tendon reflexes. In a previous study, we proposed a molecular mimetic mechanism to elicit GBS.^[@r40],[@r41])^ In serum samples from GBS patients, antibody activity against GM1 ganglioside was frequently detected. And GM1 is a characteristic ganglioside in neural tissues. Many patients with GBS are found to be infected with the enteritis bacteria, *Campylobacter jejuni*. We found that the bacteria isolated from the patients contained a lipopolysaccharide bearing a GM1-like structure as a carbohydrate moiety.^[@r40],[@r41])^ Actually, from a series of relationships between antibodies found in patients with GBS and *C. jejuni* strains, we found that *C. jejuni* strains had quite similar biosynthetic pathway of oligosaccharide of lipopolysaccharide to that of ganglioside in neuronal tissues.^[@r42]--[@r46])^ Dr. Yu's laboratory demonstrated GD3 ganglioside mimicry in a model of GBS in Lewis rats by sensitization with GD3-like lipo-oligosaccharide from *C. jejuni*.^[@r47])^ They tried to eliminate the pathogenic antibodies by using GD3-replica peptides previously reported by our group^[@r38])^ and by another group of researchers.^[@r48])^ It was found that one peptide, P(GD3)-4 (RHAYRSMAEWGFLYS), which corresponded to our GD3-replica peptide, GD3P4, induced in treated rats a remarkable restoration of motor nerve functions, as evidenced by improved histopathology, rotarod performance, and motor nerve conduction velocity. The GD3-replica effectively decreased the titer of anti-GD3/anti-LOS (GD3) antibodies and ameliorated peripheral nerve dysfunction in the sera of treated rats. Based on these findings, it was considered that peptide glycomimics of gangliosides may serve as powerful reagents for therapeutic intervention in GBS by neutralizing specific pathogenic anti-ganglioside antibodies.^[@r49])^ The paper strongly supported our strategy and therapeutic application for GBS model rats by eliminating the ganglioside auto-antibody.

We thus succeeded in our goal of preparing functional and shape-mimetic peptides similar to that of the target glycosphingolipids by using the transfer technology of molecular replication (Fig. [1](#fig01){ref-type="fig"}a). The obtained peptide sequences can be easily back-transferred to DNA sequences. Therefore, the results demonstrated a reverse transcription of gene expression, that is, from glycosphingolipid to peptide and to DNA. It is possible to prepare large scale glyco-replica peptides that could be substituted for the difficult technology of organic synthesis for glycosphingolipids.

2. Transfer of glycosphingolipids from a TLC plate to a plastic membrane
========================================================================

The most mysterious part in the investigation of lipids concerns the numerous variations of molecular species and their combinations in cell membranes. In our second approach, we developed a method for the transfer of lipids from an HPTLC plate to a plastic membrane.^[@r27])^ Figure [1](#fig01){ref-type="fig"}b shows the principle of the TLC-Blot. Briefly, lipids separated on an HPTLC plate are made visible under UV light at 315 nm by primuline reagent, marked with a soft red pencil and dipped in a solvent mixture of isopropanol : 0.2% CaCl~2~ : methanol (40 : 20 : 7, v/v/v) for 10 seconds. After removing the plate from the solvent mixture, the plate is mounted together with a polyvinylidene difluoride (PVDF) membrane, a teflon sheet and glass fiber sheet. This assembly is pressed for 30 seconds using a hot plate heated at 180℃. By this procedure, most of the glycosphingolipids, including those that contain the phospholipids and the neutral lipids, can be transferred to the PVDF membrane.^[@r27])^

The PVDF membrane is selected as the most desirable membrane because it is suitable for hydrophobic-hydrophobic interactions with lipids. Another advantage of this membrane is that it is stable against heat and acid treatment. For the TLC-Blot, less than 5 µg of each lipid is recommended, because even if large amounts of lipids are applied to TLC, only a limited amount can be maintained on the PVDF membrane.

Interestingly, the transferred lipids are located on the opposite surface of the PVDF membrane to the HPTLC plate. It is clear that the red pencil markers are recognized on the same side of the membrane with lipids. Another evidence is that immunological detection of antigen glycosphingolipid with monoclonal antibody showed very clear staining on the one side only indicating that transferred lipids are concentrated on the surface of one side of the PVDF membrane. This means that immunological detection on the blotted PVDF membrane is much more sensitive than staining on the HPTLC plate.^[@r27])^ Furthermore, the hydrophilic moieties of the transferred lipid face the outer environment. This is another point of this transfer, that is, "from lipids in silica gel to lipids on surface" (Fig. [1](#fig01){ref-type="fig"}b). It should be noted that Towbin *et al.* reported the TLC-blotting procedure before our own development of this method.^[@r50])^ They used a nitrocellulose membrane, and the transfer was done by pressing the membrane onto a TLC plate that was wet by spraying with a solvent mixture of isopropanol : water (2 : 1, v/v). Although the procedure was not always reproducible and did not always achieve the transfer of lipids, this report provided important clues that helped us to improve the lipid transfer procedure system.

2-1. Simple purification of glycosphingolipids and phospholipids.^[@r51])^
--------------------------------------------------------------------------

The greatest challenge in glycosphingolipid biochemistry is the one step purification of individual lipid components from limited amount of samples. Silica gel column chromatography is the only tool available to purify the individual lipid species from total lipid extracts by elution with different solvent mixtures of chloroform, methanol and water. However, it is extremely difficult to obtain the lipid components as a homogenous band even if the column conditions and elution system are well controlled. We examined whether it would be possible to elute the lipid bands transferred on the membrane. Meconium is a good source of glycosphingolipids and also of carcinoembryonic materials, because it is a sloughing product from intestinal tissue in the fetal period. We could detect twenty bands in a neutral glycosphingolipid fraction by two-dimensional TLC. The individual lipid bands transferred by the TLC-Blot were eluted with a small amount of a mixture of chloroform : methanol (1 : 1, v/v), and checked by TLC.^[@r51])^ The twenty individual extracts showed single bands by TLC (Fig. [4](#fig04){ref-type="fig"}). This was a tremendous improvement in the purification of glycosphingolipids. This simple purification procedure can be applied to gangliosides and phospholipids and the results are very satisfactory.^[@r51])^ The purified lipid components were considered to be intact based on the following observations: 1. The extracted lipid showed the same mobility as that of the lipid before TLC-Blot; 2. MS analysis showed the same profile before and after TLC-Blot; 3. The immunological reactivity did not change after the TLC-Blot.

2-2. Binding studies employing lipids transferred to the PVDF membrane.
-----------------------------------------------------------------------

The lipids transferred to the PVDF membrane from the HPTLC plate seemed to be useful for the binding study of micro-organisms, and for the detection of enzymes involved in lipid metabolism. Infections caused by pathogenic *E. coli* are often initiated by their adherence to the host cell surface via specific adhesions associated with fimbriae. *E. coli* expresses many types of fimbrial adhesins responsible for hemagglutination, which can be divided into different groups by their affinity to specific receptors.^[@r52],[@r53])^ N-Glycolylneuraminic acid-containing glycosphingolipids were reported to be the ligands in *E. coli* K99.^[@r54],[@r55])^ Gangliosides from the piglet intestine from which *E. coli* K99 was isolated, and bovine erythrocyte gangliosides were developed on an HPTLC plate and transferred to a PVDF membrane.^[@r56])^ Then the binding of ^35^S-labeled *E. coli* was performed on the PVDF membrane. Subsequently, a radioactive band corresponding to the band detected with autoradiography was subjected to MS analysis. The MS spectrum showed that the band detected in piglet intestine corresponded predominantly to N-glycolylneuraminic acid containing-GM3 with ceramide d18:1/C16h:0. And the band detected in bovine erythrocytes was identified as N-glycolylneuraminosyl paragloboside with ceramide composed of C24:0 or C22:0 fatty acid and d18:1 sphingosine. The MS analysis was thus quite powerful not only for discriminating between N-acetylneuraminic acid- and N-glycolylneuraminic acid-containing gangliosides but also for discriminating between molecular species of their ceramide moieties as the receptor molecules.^[@r56])^

2-3. Detection of enzymes involved in glycosphingolipid metabolism.^[@r57])^
----------------------------------------------------------------------------

The lipids immobilized on the PVDF membrane by the TLC-Blot seem to mimic the situation in the cell membrane, because, the ceramide or glyceride moiety is considered to be attached to the PVDF membrane by a hydrophobic interaction, and the hydrophilic moieties of phospholipids and glycosphingolipids are thought to be exposed to the outer environment (Fig. [1](#fig01){ref-type="fig"}b). We tried to detect enzymes involved in the glycosphingolipid metabolism using a glycosphingolipid-transferred PVDF membrane, because the assay procedures for both glycosidases and glycosyltransferases are quite complicated. In the glycosidase assay, artificial fluorescence-labeled glycoside compounds were used. Since they are not natural compounds, the obtained enzyme activities do not specifically target individual glycosphingolipids. For glycosyltransferase assay, we had to use radioactive sugar nucleosides and the assay procedure contained many individual separation processes and was quite time consuming. As one example, we developed sialylneolactose-containing gangliosides, sialylparagloboside, i-ganglioside, I-ganglioside and GM3 on an HPTLC plate, and performed the TLC-Blot. These gangliosides on the membrane were treated with sialidase from *Cl. perfringens*. After incubation, glycosphingolipids having Galβ1-4GlcNAcβ1-3Galβ epitope exposed by the sialidase treatment were detected by immunostaining with MAb H11, which recognized the terminal epitope. The bands corresponding to sialylparagloboside, i-ganglioside and I-ganglioside could be visualized by immunostaining. The activity could be determined with a densitometer. Dose-dependent activity was demonstrated by this procedure.^[@r57])^

For the assay of β-galactosyltransferase activity, various amounts of Lc3Cer (GlcNAcβ1-3Galβ1-4GlcCer) were developed on an HPTLC plate and then transferred to a PVDF membrane by TLC-Blot. The Lc3Cer-bearing membrane was incubated with β-galactosyltransferase with UDP-Gal and cofactors. Incubation products were detected with MAb H11 and determined with a densitometer. This procedure is quite simple and does not require the use of radioactive sugar nucleotides, and the products can be clearly identified by using MAbs with high epitope specificity.^[@r57])^

Another application was developed by using a substrate immobilized membrane. The principle behind this application was to transfer lipid-metabolizing enzymes separated on polyacrylamide electrophoresis (PAGE) to a substrate lipid-coated PVDF membrane to identify the localization of enzyme(s) by visualizing the incubation product with MAb. We could recognize localization of sialidase from *Cl. perfringens* on the polyacrylamide gel by using sialylparagloboside as substrate and MAb H11 against paragloboside.^[@r57])^ By this procedure, the sialidase can be easily purified and its amino acid sequence can be identified.

A similar approach was taken by using a \[N-methyl-^14^C\]-sphingomyeline-impregnated PVDF membrane.^[@r58])^ A sphingomyelinase-containing crude enzyme from *Cl. perfringens* was applied to native PAGE and the gel was mounted on the ^14^C-sphingomyeline-impregnated PVDF membrane. After incubating overnight at 37℃, the PVDF membrane was subjected to autoradiography to visualize the enzyme band. The autoradiogram showed a white band on a black background that corresponded to the sphingomyelinase activity.^[@r58])^

Bogdanov and colleagues demonstrated that phosphatidylethanolamine (PE) acts as a molecular chaperone in the folding of the polytopic membrane protein lactose permease of *E. coli*.^[@r59])^ Various phospholipids were separated on an HPTLC plate and transferred to nitrocellulose membrane by the modified TLC-Blot. To the individual phospholipid position of the blotted membrane, lactose permease from PE-deficient (-PE) or PE-containing cells was transferred by Western blot. Then the nitrocellulose membrane was incubated and treated with a monoclonal antibody that recognizes a conformationally sensitive epitope of lactose permease^[@r60])^ in order to search for a novel role of phospholipids in the assembly of a membrane protein. Interestingly, the permease from PE-deficient cells was recognized by this MAb only on the position of the PE band, indicating that PE plays a positive role in reconstitution of the structurally active membrane transport protein even on membranes made up of chemicals such as nitrocellulose.

2-4. MS analysis of glycosphingolipids transferred on a PVDF membrane by TLC-Blot.
----------------------------------------------------------------------------------

In 1995, we considered that it would be a great advantage of the TLC-Blot method if the clearly separated bands of lipids transferred onto a PVDF membrane by TLC-Blot could be analyzed directly by MS. Before this trial, the TLC-MS system was developed by Kushi and Handa.^[@r61])^ However, the potential for silica gel contamination of the newly developed instrument was a major problem. We examined to analyze glycosphingolipids transferred on the PVDF membrane by secondary ion mass spectrometry (Finnigan TSQ 70) and named this new method TLC-Blot/SIMS. We found that it worked very well with high sensitivity.^[@r62])^ Based on this result, we applied this method to the identification of glycosphingolipids in rat mammary tumor cell lines with different metastatic potentials (MTC, parental cell line; MTLn2, non-metastatic cell line; MTLn3, high metastatic potential to the lung).^[@r63])^ We were able to analyze all glycosphingolipid bands (13 bands in MTLn2 and 17 bands in MTLn3) by using 1 × 10^7^ cells. In the non-metastatic cell line MTLn2, a novel type of blood group A active glycosphingolipid was discovered. This result surprised us at that time, 1996, because most of the glycosphingolipids were identified by using very small amounts of samples. At the time, I urged MS makers to develop a new TLC-Blot/MS system for lipidomics research. Unfortunately, the time seemed ripe for proteomics but not for lipids. The development of such a system would have to wait for more than 10 years.

2-5. Identification of an auto-antigen in Meniere's disease.
------------------------------------------------------------

Meniere's disease is an inner ear disease characterized by episodic attacks of vertigo, fluctuating cochlear hearing loss, tinnitus, and a feeling of fullness in the affected ear. The condition underlying Meniere's disease is endolymphatic hydrops. The cause of endolymphatic hydrops remains unknown, but the autoimmune hypothesis has been proposed and actively discussed.^[@r64],[@r65])^ This hypothesis is based on clinical findings of increases in blood immune complex levels,^[@r66],[@r67])^ the efficacy of steroids for hearing loss,^[@r65],[@r66],[@r68],[@r69])^ and the high concentration of IgG in endolymph,^[@r70])^ as well as the basic findings that endolymphatic hydrops are observed in animals immunized with inner ear tissues,^[@r71],[@r72])^ resulting in fluctuating hearing loss.^[@r73])^

Based on these findings, we tried to determine antigens that might be present in inner ear tissue. We had a chance to analyze human acoustic neurinoma samples and tried to detect antigens in the ganglioside fractions of these samples.^[@r74])^ Although the amounts of samples were quite limited, we detected a total of 7 ganglioside bands by TLC, and all the gangliosides were identified by the TLC-Blot/SIMS. They were five ganglio-series gangliosides, GM3, GM2, GM1a, GD3, and GD1a, and two neolacto-series gangliosides, sialylparagloboside and sialyl-i ganglioside. Sialyl-i was found to be a possible natural antigen based on the immune reactivity of serum samples from patients with Meniere's disease. Five of the 11 patients showed immune reactivity to sialyl-i ganglioside, indicating that this ganglioside may be an auto-antigen involved in the pathogenesis of Meniere's disease.^[@r74])^

2-6. Approach to a new lipidomics using TLC-Blot/MALDI-TOF MS.
--------------------------------------------------------------

After our study using TLC-Blot/SIMS, the mass spectrometer underwent rapid development, and the ion trap-type MALDI-TOF MS instrument was found to be quite useful for the analysis of lipids transferred to a PVDF membrane. Figure [5](#fig05){ref-type="fig"} shows the TLC-Blot/MALDI-TOF MS system used for a new approach in functional lipidomics; the illustration is modified from that in ref. [@r75]. Despite the irregular surfaces of the ganglioside band on PVDF membranes, the ion trap helped to minimize the mass error between the predicted and the observed masses, and it was revealed that the mass accuracy was highly preserved. Furthermore, by this MS instrument, scanning MS became possible and the lipid band area transferred onto the membrane could be analyzed by raster scanning. We examined the quantitative detection and limit of this procedure using L-α-dipalmitoylphosphatidylcholine (PC). When this phospholipid was applied to an HPTLC plate 5 mm in width, a band corresponding to 5 pmol was detectable with TLC-Blot/MALDI-TOF MS. A calibration curve was obtained according to these ion intensities, and the value of the determination efficient showed sufficient linearity (R^2^ = 0.9896). This method makes it possible to detect minor components of lipids, and it can also be applied to differential analyses of various lipids due to its quantitative potential and ability to simultaneously assay for multiple lipid variances.^[@r76])^ This imaging MS (IMS) analysis with raster scanning was applied to ganglioside analyses on the transfer membrane.^[@r77])^

Gangliosides are routinely analyzed in the negative ion mode in order to reduce the metastable fragmentation of sialic acid. Figure [6](#fig06){ref-type="fig"} shows an example of the analysis of GM1 ganglioside by the TLC-Blot/MALDI-TOF MS system.^[@r77])^ Figure [6](#fig06){ref-type="fig"}a shows the detection limit by primuline staining and MS analysis. The lower limit was 1 pmol by MS, even though the signal was quite low, but the band corresponding to 10 pmol showed clear molecular ion signals at *m*/*z* 1544 and *m*/*z* 1572. In order to determine the molecular species of these two signals, MS/MS, and MS/MS/MS analysis was done using a band of 10 pmol GM1. The MS/MS and MS/MS/MS analyses of these molecular species clearly indicated that they differed by two sphingosine bases (d18:1 and d20:1) in the ceramide moiety but they had the same carbohydrate sequence. The scanning MS of *m*/*z* 1544 and 1572 was done to see the localization of these two molecular species in the GM1 ganglioside band. Figure [6](#fig06){ref-type="fig"}b ((C), (D), (E)) shows the imaging mass spectrometry of GM1 by TLC-Blot/MALDI-TOF MS. Ion images of the GM1 band of different ceramide moieties, *m*/*z* 1572 and 1544, respectively, are shown. The GM1 molecular species with d20:1 sphingosine is located in the upper area and that of d18:1 sphingosine is located in the lower part of the band.

2-7. Ganglioside molecular species in the hippocampus of patients with Alzheimer's disease.^[@r78],[@r79])^
-----------------------------------------------------------------------------------------------------------

Next, TLC-Blot/MALDI-TOF MS was applied to human brain samples obtained from the Netherlands Brain Bank (NBB). All samples were anonymous and were obtained under conditions of informed consent according to the ethical guidelines of the NBB. Altogether 20 bands, including cholesterol, phospholipid and glycosphingolipid bands, were clearly separated by two-dimensional TLC. Nineteen of the 20 bands were characterized by MALDI-TOF MS, and the remaining band was unknown.^[@r78])^ During these MS analyses, we found a significant change in the molecular species of gangliosides in patients with Alzheimer's disease. Figure [7](#fig07){ref-type="fig"} shows a TLC profile of total lipids from the gray matter of the hippocampus region obtained from patients with Alzheimer's disease, Parkinson's disease and a control disease.^[@r79])^ The TLC clearly showed a decrease in b-series gangliosides, GD1b and GT1b, in patients with Alzheimer's disease but not in those with Parkinson's disease. This was quite a characteristic observation in the hippocampus, and this kind of decrease was not observed in the inferior frontal gyrus used as control area.

Next, we examined the distribution of molecular species of individual gangliosides in the hippocampus areas. In this analysis, we had to be very careful, because the sialic acid of disialo- or trisialo-gangliosides is easily released to produce GM1 corresponding fragment during the ionization process of MS analysis. The accumulated results of the MS scanning of individual ganglioside bands are shown in Fig. [8](#fig08){ref-type="fig"}a. A signal corresponding to GM1 was detected as a main peak in each case. In the case of GM1, the signal strength of *m*/*z* 1544 was similar to that of *m*/*z* 1572 both in Parkinson's disease and control patients. But in the Alzheimer's patients, the signal of *m*/*z* 1544 was higher than that of *m*/*z* 1572. This tendency was much clearer for the gangliosides GD1a, GD1b and GT1b. In the b-series gangliosides, GD1b and GT1b, d20:1 sphingosine-containing molecular species were predominant in control patients, even in Parkinson's disease patients, but d18:1-containing molecular species were stronger than d20:1-containing ones in Alzheimer's disease patients.^[@r79])^ The distributions of the molecular species of these gangliosides on the blotted PVDF membrane are shown as MS imaging in Fig. [8](#fig08){ref-type="fig"}b.

This was the first demonstration of a change in the molecular species of gangliosides in the hippocampus area of patients with Alzheimer's disease. Many papers have reported that the level of d20:1 sphingosine-containing gangliosides increases with age.^[@r80]--[@r84])^ From this point of view, Alzheimer's disease is a kind of metabolic disease of ganglioside molecules. The disease pathogenesis would thus involve two mechanisms, a reduction of the b-series ganglioside synthetic pathway and a change of the sphingosine metabolic process.^[@r85])^ This change of gangliosides in the hippocampus area seemed to be involved in eliciting the disease, because a similar change of ganglioside molecular species was also found in the hippocampus area in an animal model of Alzheimer's disease, which was produced by transfection of gene of human double Swedish/London type mutation constructed amyloid precursor protein.^[@r86])^

Recently, much attention has been focused on the development of molecular imaging MS.^[@r87]--[@r90])^ This imaging MS technology has also been used for the detection of molecular species distributed on the lipid bands of the transferred membrane.^[@r76]--[@r79])^ By introducing the binding experiments or modifications with chemical reagents or enzymes on lipid bands on the membrane,^[@r75],[@r91])^ we can easily determine the modified band(s) and confirm the resulting modifications with TLC-Blot/MALDI-TOF MS (Fig. [5](#fig05){ref-type="fig"}).

Conclusion
==========

The present review has focused on the two transfer technologies for glycosphingolipids. The first technology consists of reverse transcription from a glycosphingolipid to a DNA sequence through a glyco-replica peptide. The obtained results present a bio-recognition system as shape, which does not care if the target is glycoconjugate, peptide or protein. One typical example is anti-idiotype antibody production. To discriminate foreign molecules, living cells (immune cells) recognize the shape of the molecule and present it as self or non-self on the cell surfaces of antigen-presenting cells. And by applying this technology, new functional and therapeutic approaches employing glycosphingolipids could be introduced.

The second technology consists of a physicochemical transfer of glycosphingolipids from the silica gel layer to the surface of a plastic membrane. Glycosphingolipids spread in the silica gel layer could be concentrated on the PVDF membrane surface while exposing their carbohydrate moieties to the outer environment, resulting in ready access for various biological and physicochemical compounds. Taken together, these combinations of different types of access provide us with a new functional lipidomics.
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TLC

:   thin-layer chromatography

HPTLC plate

:   high performance thin-layer chromatography plate

MALDI-TOF MS

:   matrix assisted laser desorption ionization time of flight mass spectrometry

PVDF

:   polyvinylidene difluoride

MAb

:   monoclonal antibody

HPLC

:   high performance liquid chromatography

HSE cell

:   hepatic sinusoidal endothelial cell

GBS

:   Guillain-Barré syndrome
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His research was started from the finding and separation of phospholipid metabolizing enzymes, phospholipase D and base exchange reaction enzymes in animal tissues. After coming back to Shizuoka College of Pharmacy from University of Manitoba, his research was focused on the glycosphingolipid metabolism and functions in tumor. He found glycosphingolipid biosynthetic pathway leading to GD1α through asialogangliosides and GM1b in the series of this research. By introducing a technology of phage displayed peptide library, he demonstrated new approach to glycobiology. TLC-Blot demonstrated in this review brought about a new lipidomics by a combination with MALDI-TOF MS.

![The two types of transfer technology used in the present paper. a, Transfer technology 1. Transfer of glycosphingolipid to glyco-replica peptides by a phage-displayed peptide library. This is a reverse transcription from a glycosphingolipid to a DNA sequence through a glyco-replica peptide. b, Transfer technology 2. Transfer of glycosphingolipid from an HPTLC plate to a PVDF membrane by the TLC-Blot. Glycosphingolipids separated in silica gel are transferred to the surface of the PVDF membrane by the TLC-Blot, which can concentrate glycosphingolipids and provide easy access for enzymes, ligands and MS analysis (cited from ref. [@r27] and modified).](pjab-89-302-g001){#fig01}

![Identification of the minimal sequence of GD1α-replica peptide required for the inhibition of cell adhesion of RAW117-H10 cells to HSE cells. a, The indicated concentrations of peptides were used for the inhibition study. b, Various peptides were used at concentration of 660 µM. c, Stearic acid was introduced to the amino terminal of each oligo-peptide to prepare the indicated lipo-peptide (DPPC : cholesterol : peptide = 10 : 5 : 1). The lipo-peptides were used at the indicated concentrations of peptides in liposomes (µM) for the inhibitory assay. Control liposomes were prepared without peptides. The concentrations of liposomes expressed as DPPC concentrations (µM) are given in parentheses (cited from ref. [@r32]).](pjab-89-302-g002){#fig02}

![a, Immunohistochemistry of human melanoma tissue with monoclonal antibodies. Staining with 4F6, 3D2 and KM48 as a monoclonal antibody, respectively. b, Comparison of the sequences of heavy chains (b-1) and light chains (b-2) between 4F6 and 3D2 (cited from ref. [@r38]).](pjab-89-302-g003){#fig03}

![One step purification of individual glycosphingolipids of human meconium by TLC-Blot. a, Two-dimensional TLC of a human meconium neutral glycosphingolipid fraction. b, Marked lipid bands transferred from the HPTLC plate to the PVDF membrane by the TLC-Blot. c, Individual glycosphingolipid bands were extracted with chloroform : methanol (1 : 1, v/v) and applied to TLC. Orcinol reagent was used for the visualization (cited from ref. [@r51]).](pjab-89-302-g004){#fig04}

![Scheme of functional lipidomics by TLC-Blot/MALDI-TOF MS. Individual lipids transferred to a PVDF membrane from HPTLC plate by TLC-Blot were subjected to chemical modifications (a), enzyme treatments, binding studies (b), MS scanning of all lipid bands (c) and purification (d). The target bands obtained by these treatments could be used for MALDI-TOF MS analysis. Imaging MS was also applied to the PVDF membrane (cited from ref. [@r75] and modified).](pjab-89-302-g005){#fig05}

![TLC-Blot/MALDI-TOF MS and imaging MS by scanning of GM1 ganglioside band. a, The indicated amounts of GM1 were developed on an HPTLC plate and transferred to a PVDF membrane by the TLC-Blot. Each MS spectrum shows the GM1 band transferred on the PVDF membrane. The spectrum shows 2 major signals, *m*/*z* 1544 and 1572. b, Imaging MS of two GM1 molecular species on the transferred GM1 band on the PVDF membrane. GM1 with ceramide d20:1/C18:0 moved faster than GM1 with d18:1/C18:0 on the HPTLC plate (cited from ref. [@r77] and modified).](pjab-89-302-g006){#fig06}

![TLC of total lipids from the hippocampus gray matter areas. a, Total lipids extracted from the hippocampus region of patients with Alzheimer's disease (AD), with Parkinson's disease (Pk) and a control disease were developed on an HPTLC plate. G, standard gangliosides. Lipid bands were made visible under UV at 315 nm by spraying with primuline reagent. b, Results of a typical densitometer analysis of gangliosides are shown in the right-side panel (cited from ref. [@r79]).](pjab-89-302-g007){#fig07}

![TLC-Blot/MALDI-TOF MS and imaging MS of gangliosides. a, TLC-Blot/MALDI-TOF MS of gangliosides. The ganglioside bands obtained in Fig. [7](#fig07){ref-type="fig"} were transferred to the PVDF membrane by the TLC-Blot. The bands of GM1 (A), GD1a (B), GD1b (C) and GT1b (D) were analyzed by molecular scanning with MALDI-TOF MS (cited from ref. [@r79]). b, Imaging MS of gangliosides. Gangliosides of the hippocampus gray matter from a control patient and a patient with Alzheimer's disease were separated on an HPTLC plate and transferred to the PVDF membrane by the TLC-Blot. Each band was employed for raster scanning, and the obtained signals corresponding to molecular species, d18:1/C18:0, d20:1/C18:0 and d20:1/C20:0 or d18:1/C22:0, are shown as MS imaging. And they are also presented as merged images of ganglioside molecular species with ceramide d18:1/C18:0 (red dot), d20:1/C18:0 (green dot) and d20:1/C20:0 or d18:1/C22:0 (blue dot) (cited from ref. [@r79] and modified).](pjab-89-302-g008){#fig08}

###### 

Suppression of metastasis of RAW117-H10 cells in the liver by liposomal GD1α-replica peptide

  Group                                  Liver weight (g ± S.D.)   Increase in liver weight (g ± S.D.)   Inhibition (%)
  -------------------------------------- ------------------------- ------------------------------------- ----------------
  Sham^a^                                0.861 ± 0.014             ---                                   ---
  RAW117-H10 cells                       1.363 ± 0.195             0.502 ± 0.195                         0
  RAW117-H10 cells + control liposomes   1.305 ± 0.110             0.444 ± 0.110                         11.6
  RAW117-H10 cells + WHW-liposomes       1.137 ± 0.040             0.276 ± 0.040                         45.0

RAW117-H10 cells (1 × 10^5^ 0.2 ml/mouse) were injected in to mice (Balb/c female mice, n = 5) via the portal vein with or without liposomes (1.25 mM as a peptide). After 7 days, liver weight was measured for evaluating experimental metastasis. Compositions of liposomes were DSPC^b^ : cholesterol = 2 : 1 for control liposomes and DSPC : cholesterol : peptide = 4 : 2 : 1 for WHW peptide-modified liposomes.

^a^0.2 ml of medium alone was injected into mice as a control.

^b^distearoylphosphatidylcholine

[^1]: (Communicated by Kunihiko SUZUKI, M.J.A.)
